The Visible Infrared Imaging Radiometer Suite (VIIRS) on-board the first Joint Polar Satellite System (JPSS) completed its sensor level testing on December 2014. The JPSS-1 (J1) mission is scheduled to launch in December 2016, and will be very similar to the Suomi-National Polar-orbiting Partnership (SNPP) mission. VIIRS instrument was designed to provide measurements of the globe twice daily. It is a wide-swath (3,040 km) cross-track scanning radiometer with spatial resolutions of 370 and 740 m at nadir for imaging and moderate bands, respectively. It covers the wavelength spectrum from reflective to long-wave infrared through 22 spectral bands [0.412 µm to 12.01 µm]. VIIRS observations are used to generate 22 environmental data products (EDRs). This paper will briefly describe J1 VIIRS characterization and calibration performance and methodologies executed during the pre-launch testing phases by the independent government team, to generate the at-launch baseline radiometric performance, and the metrics needed to populate the sensor data record (SDR) Look-Up- Tables (LUTs) . This paper will also provide an assessment of the sensor pre-launch radiometric performance, such as the sensor signal to noise ratios (SNRs), dynamic range, reflective and emissive bands calibration performance, polarization sensitivity, bands spectral performance, response-vs-scan (RVS), near field and stray light responses. A set of performance metrics generated during the pre-launch testing program will be compared to the SNPP VIIRS pre-launch performance.
INTRODUCTION
The purpose of this paper is to provide an overview of the initial assessment of the Visible Infrared Imaging Radiometer Suite (VIIRS) sensor onboard the first Joint Polar Satellite System (JPSS-1). This VIIRS instrument is the second unit of its series, and it has a similar design to the first sensor that was launched on October 28, 2011 onboard the Suomi-National Polar-Orbiting Partnership (SNPP). Results summarized in this paper are based on the data analysis by NASA VIIRS Characterization Support Team (VCST), with close interaction with other government and contractor teams, including the National Aeronautics and Space Administration (NASA), the Aerospace Corporation, the National Oceanic and Atmospheric Administration (NOAA), and the University of Wisconsin.
VIIRS is a scanning radiometer that collects visible and infrared imagery and radiometric measurements of Earth's surface to study land, atmosphere, oceans and clouds, to generate environmental data in support of data continuity initiated by heritage sensors such as the Very High Resolution Radiometer (AVHRR), the Sea-viewing Wide Fieldof-view Sensor (SeaWiFS) and the Moderate Resolution Imaging Spectroradiometer (MODIS). Products derived from VIIRS will support weather forecasting, global measurements of atmospheric, oceanic, and land surface variables such as clouds, sea surface temperatures, vegetation, fire, aerosols, and ocean color. 1 In the following sections, we will provide an overview of the main J1 (J1 is the short version of the of JPSS-1 acronym) VIIRS pre-launch radiometric and spectral performance assessment, describing briefly the main methodologies used, and comparing the results to SNPP VIIRS pre-launch performance as well as to the sensor requirements. The VIIRS spatial performance assessments are not included in this paper. J1 VIIRS design and testing program will be presented in Section 2. The summary of VIIRS pre-launch testing and sensor performance will be presented in section 3 for all Reflective Solar Bands (RSB) and Thermal Emissive Bands (TEB) calibration (beginning of life performance), focusing on key performance metrics such as the signal-to-noise (SNR), dynamic range, polarization, radiometric calibration uncertainties, scattered light contamination, and relative spectral response. A summary and conclusion of J1 VIIRS pre-launch radiometric and spectral performance as well as future performance enhancements will be presented in the last section, Section 4.
SENSOR DESIGN AND TESTING PROGRAM

Sensor Design
VIIRS instrument was designed to collect radiometric and imaging data in twenty two (22) spectral bands covering the visible and infrared spectral region between 0.412 to 12.01 μm ( Table 1 ). The moderate resolution bands (Mbands) and imaging resolution bands (I-bands) have a spatial resolution of 740 m and 370 m respectively, while the ground swath is about 3040 km, permitting daily global coverage. J1 VIIRS has the same design as SNPP VIIRS with similar on-board calibrators: the Spectralon ® solar diffuser (SD) to calibrate the RSB, the solar diffuser stability monitor (SDSM) to track the SD spectral degradation, the V-groove blackbody to calibrate the TEB, and the space view (SV) to be used for background subtraction (Figure 1 ). VIIRS design has achieved multiple enhancements based on lessons learned from heritage sensors such as SNPP VIIRS and MODIS. 2 The light collected by the rotating telescope is distributed to three focal planes, the Visible Near-Infrared (VisNIR), the Short-and Mid-Wave Infrared (SMWIR), and the Long-Wave Infrared (LWIR). All bands in the SMWIR and LWIR focal planes are thermally controlled at about 80.5 K. Light reaching the focal planes' detectors is converted into analog electric signal then digitized through analog-to-digital conversion. The VIIRS telescope scans in sequence the Earth within ± 56.1° of nadir, then the blackbody (99.57° to 100.42°), the SD (158.57° to 159.42°), and then the SV (-66.10° to -65.25°).
Based on lessons learned from SNPP program, a few key changes were made to the J1 instrument to enhance its performance, including: 1) the coating on the RTA mirrors was changed from Nickel (Ni) to a proprietary process (VQ) to enhance spatial stability with temperature, 2) the dichroic 2 coating was redesigned to correct the focus between SMWIR and LWIR bands, 3) the proper RTA mirror coating process was used to avoid Tungsten contamination 3 (this was an issue for SNPP once on on-orbit), and 4) the VisNIR integrated filter assembly was redesigned to significantly reduce optical scatter and out-of-bands features.
Sensor Performance Testing
J1 VIIRS instrument has been through a very intensive ground test program, to ensure proper characterization and calibration, to understand the instrument performance, to use reliable and approved data analysis methods, and to investigate, close and document all anomalies identified during the testing. Multiple government funded teams were part of these characterization activities, including NASA, Aerospace Corp., NOAA, and the University of Wisconsin. The VIIRS test program, led by the sensor contractor Raytheon, provided a comprehensive sensor characterization and performance assessment over the full range of instrument operating conditions that will be encountered on orbit. It has also provided the calibration and characterization values needed for different bands, detectors, gain states, scan mirror sides, electronics configurations, and instrument temperatures. VIIRS general test plan covers three (3) key pre-launch phases: ambient (August 2013-January 2014), sensor level thermal vacuum (July-October 2014) and spacecraft thermal vacuum phase (expected in early 2016). At the end of sensor level testing, twenty seven (27) performance test procedures were executed to characterize the instrument under various environments (ambient and/or TV), to support 141 sensor performance requirements, and to simulate long-term on-orbit performance. Key performance testing was performed at three (3) instrument plateaus (Cold, Nominal and Hot) which was designed to cover the range of expected on-orbit conditions. J1 VIIRS key performance testing is described in Table 2 .
Early in the J1 test program, four (4) important decisions were made that will define how the instrument will be operated: 1) replacing the VIIRS 1394 communication bus with the SpaceWire to resolve the anomalies observed by SNPP on-orbit 3 , 2) replacing the single board computer with a new design to resolve the computer lock-up issue observed by SNPP 3 , 3) setting the cold focal planes temperature at 80.5 K based on the thermal balance performed at TV hot plateau, 4) and designating the VIIRS electronics side A as the primary electronics, even though both sides showed comparable performance. 
J1 VIIRS PRE-LAUNCH PERFORMANCE SUMMARY
An overview of J1 performance assessment will be described in this section based on the NASA VCST team test data analysis. Comparison to sensor specification and in some cases to SNPP VIIRS will be presented as well. In general, data analysis methodologies are quite similar to those used for SNPP VIIRS 2 , except for the RSB calibration, where VCST has adopted a new numerical technique to derive J1 calibration coefficients, leading to greater control of the overall calibration uncertainty determination.
Reflective solar bands (RSB) calibration
J1 VIIRS RSB were carefully calibrated in a TV environment using a National Institute of Standards and Technology (NIST) traceable light source, the 100 cm diameter Spherical Integrating Source (SIS100). Another source, the Three Mirror Collimator (TMC) SIS, capable of reaching high radiance values was also used to calibrate M1-M3 low gain. While the SIS100 has a radiance monitor to track the source fluctuations and drifts, the TMC does not, and therefore it is considered less stable than the SIS100. In addition, the space view source (SVS) was used to collect the dark offset needed to generate the background corrected detector response or digital number (dn).
The detector response is related to the light source radiance L (Wm -2 sr -1 µm -1 ) through a polynomial equation:
where c 0 , c 1 , and c 2 are the calibration coefficients for the quadratic part; O(dn3) denotes the truncation error.
The calibration coefficients can be determined from Eq. (1) through curve fitting; however, the instability of the source over time and dynamic range [L min , L max ] can lead to high uncertainties of the derived radiance. To mitigate the impact of the source instability, the radiance measurements were performed with and without an attenuator inserted into the optical path. The attenuator screen is an opaque plate with small holes to allow a determined fraction of light through it. The time between attenuator in and out is very short to minimize the effect of source stability on the measurements (~2 minutes). The calibration equation with the attenuator screen is:
where τ is the transmittance of attenuator, L attenuator is the reference radiance when the attenuator is deployed and dn attenuated is the attenuated response.
Eqs. (1, 2) can be combined and approximated by:
where h 0 = c 0 / c 1 and h 2 = c 2 / c 1 .
The two ratios of calibration coefficients h 0 and h 2 can be derived regardless of how well the absolute quantity of the reference radiance is known as long as the light source remains stable or its variability is corrected. The parameters to be determined are τ, h 0 , and h 2 . After letting x = dn, y = dn attenuation , and r = L attenuator / L, we rewrite Equation (3) 
The parameter r represents a correction factor for the SIS100 radiance drift between measurements. The parameter ℎ 0 in Equation (4) can be eliminated by subtracting a pair of measurements while ℎ 2 can be eliminated by a division of two sets of the subtracted results. The statistical value of τ is derived using combinations of 3 or 4 measurements from the data set of all radiance levels within the specified range.
After has been determined independently, a linear fit of Equation (4) gives ℎ 0 as the intercept and ℎ 2 as the slope. Finally, rearranging the truncated calibration equation we have:
Our findings have confirmed the very small non-linearity term for all RSB (~10 -6 ), and the coefficients are strongly dependent on the data selection in the fitting process. The RSB calibration coefficients derivation based on this new method will be described and discussed in more details in a separate paper 4 , and have shown comparable values to the baseline method. However, this method has the advantage of providing more insight into the quality of the fitting and more flexibility in the uncertainty calculation.
SNR Calculation
The detector SNR was calculated for each SIS100 radiance and for each sample position to eliminate artifacts due to source non-uniformity, by dividing the sample averaged dn over scans by the standard deviation as:
where M, N are the total number of samples and scans respectively, and i, j are the number of scans and samples respectively. A mathematical equation was used to fit the SNR as a function of radiance to facilitate the computation of the SNR at any radiance level within the dynamic range:
The band averaged SNR and radiance saturation values are shown in Table 3 . All J1 RSB meet the SNR specification at L typ with margins in general larger than those measured for SNPP. It is also worth noting that without the mirror coating contamination in the SNPP RTA, J1 SNR performance is expected to have even better margins than SNPP at the end of mission life. The smallest and largest SNR margins for J1 are 51% and 3172% for M2 (high gain) and I3, respectively. It is also worth mentioning that I3 detector 4 is a very noisy detector (not shown here), and its responsivity is about 50% lower than the other detectors in this band.
RSB saturation is comparable to SNPP, meeting specification with acceptable margins, except for bands M8 (72%) and I3 (91%). These two Lmax non-compliances were expected and have small effect on science based on SNPP experience. 
SWIR Non-Linearity Issue
J1 SWIR M-bands exhibited more non-linear behavior at low radiance than was seen on SNPP. Figure 2 shows the ratios of the attenuator out signal to the attenuator in signal for SWIR bands M8-M11. The non-constant dn ratio reflects the large non-linear response at low radiance levels (SNPP dn ratios were much flatter). An investigation of this issue discovered that an ASP bias voltage for the SMWIR M-bands, VR_Clamp, was set to a different voltage value (-0.2V) compared to its setting on SNPP (-0.4V). The non-linearity present in the SWIR M-bands produces large errors in the attenuator ratios, and therefore large errors in the radiance characterization uncertainty and uniformity. A mitigation plan is being prepared to enhance the calibration performance of the SWIR bands, based on either a third degree polynomial equation or the adoption of a two-piece calibration (i.e. calibration over two radiance ranges). 
NEdT calculation
The noise equivalent differential temperature (NEdT) is the fluctuation in the scene temperature equivalent to the system noise and is computed via the equation
The derivative is of Planck's law with respect to the source temperature. The NEdT was determined at all source levels and compared to the specified value at T TYP ; this was determined using the fit SNR and at-detector radiance. The band average NEdT results are below specification as shown in Table 4 . All emissive bands and detectors are meeting the NEdT specification with good margins, and performance is comparable to SNPP. A mild dependency of NEdT to sensor temperature was confirmed. The smallest and greatest margins were observed for M14 (39%) and I4 (595%) respectively. Detector variability is small in general, with the exception of detector 4 in M15 and detector 5 in M16B which are out-of-family detectors. Table 4 also shows the J1 maximum temperature and comparison to specification and SNPP. All bands have saturation values above the specified Lmax, and comparable to SNPP. For J1, digital saturation occurred for all bands first, while for SNPP two bands have analog saturation before digital saturation, M12 and I4. The TEB saturation values are consistent among electronics sides and temperature plateaus to within 3 K. M13 low gain saturation was not observed in TV testing, but saturation is expected to be around 670 K based on ambient testing. 
where the average EV retrieved radiance is over all detectors in a band and NEdL is derived from Eq. (11). The sensor specification is met if the RRU is less than unity within the radiance range from L min to 0.9L max . Figure 3 shows the detector-to-detector striping performance represented by the RRU metric. RRU values larger than one mean that the sensor is not compliant with detector striping requirements. We can easily see that the risk of striping increases with temperature for all TEB bands, because the deviation of thedetector retrieved radiance from the band average increases with temperature while the NEdL levels off. Results derived per HAM side, electronics side and temperature plateau have shown some performance variations, with RRU for some bands reaching up to 1.5 at highest temperatures (larger than 310 K). We should also emphasize the difficulty to meet this requirement for both SNPP and J1 since VIIRS TEB has very good noise performance (very low NEdL). The band a the specifie the specifie 7.6 is sligh sheet polarizer was mounted on a rotary stage and was rotated in 15 degree increments from 0 to 360 degrees. Additionally, a long wavelength spectral blocking filter was placed in the optical path when measuring the short wavelength bands, M1 to M3, to eliminate near infrared Out-Of-Band (OOB) contributions. The polarization sensitivity was derived for all VisNIR bands, detectors, HAM sides, and seven scan angles (-55, -45, -22, -8, 20, 45, 55), using Fourier series. The quality of J1 measurements based on the Fourier transform is good, since only the zeroth and second order terms have shown non-negligible results. The polarization sensitivity factors derived based on ambient testing have revealed unexpectedly large non-compliance for four bands, M1-M4. This polarization issue was linked to the redesigned VisNIR spectral filters, and confirmed by the sensor polarization model 6, 7 . Based on these findings further performance testing was conducted in the post-TV phase adding more scan angles (-37, -30, -15, 4) and limited testing with monochromatic source for two bands, M1 and M4, to verify the quality of the sensor polarization modeling 6 .
The final J1 mean polarization factors are shown for all VisNIR bands in Table 6 for HAM side A. The polarization maximum and specification values per band are also shown. The linear polarization sensitivity for bands M1 -M4 was observed to be higher than the specified limit, with maximums as high as ~6.42 % for M1, ~4.36 % for M2, ~3.08 % for M3, and ~4.35 % for M4. Differences in linear polarization sensitivity with HAM side are as high as ~1 %, where HAM side B is generally larger. Large detector to detector and scan angle differences were observed with bands (up to ~4 % in M1). This is likely the result of angle of incidence changes on the VisNIR spectral filter assembly. Special testing conducted after Nominal testing (post-TV phase) confirmed the high quality of J1 polarization characterization test data, identified the spectral filter as the root cause of the anomaly, and indicated that the sensor polarization model predictions are acceptable but still shows some difference with measurements, especially for M4. Table 6 : Overall VisNIR linear polarization factor for both J1 and SNPP sensors, for HAM side 1. The Maximum polarization is for both HAM sides. Numbers in bold represent performance non-compliance (-45<scan-angle<+45)
Relative Spectral Response
VIIRS sensor level spectral testing was performed using a monochromatic source in ambient for VisNIR bands, and in the TV environment at Nominal plateau for TEB bands. Additional RSR testing was performed for VisNIR bands in the post-TV phase using a laser source. J1 spectral characterization was completed successfully, and analysis Table 7 : J1 Spectral Performance Summary (right Table) , and comparison to SNPP (left Table) Response Versus Scan angle
The RVS testing was performed during ambient phase for the RSB using the SIS-100 and for the TEB using a cavity type blackbody and the on-board BB. Data taken at eleven angle-of-incidence (AOI) for RSB and twelve for TEB were used to fit the RVS function, which is a quadratic polynomial in AOI, after corrections for source drift and background radiances were performed. Figure 6 shows J1 band-average RVS functions for HAM side A. For all bands, the RVS differences between HAM sides are small with the exception of band M6. The variation in the RSB RVS for M1-M11 and I1-I3 is generally small and similar to SNPP, varying by less than 1.5 % (M1 has the largest variation) over the full operational AOI range of 28.6° to 60.2°. The RSB RVS uncertainty target is 0.3% which was determined here as the average fitting residuals. All RSB bands had uncertainties lower than 0.1% except band M9 which was about 0.2%. The determination of band M9 RVS was complicated due to water vapor fluctuations during RVS testing. The MWIR RVS is generally small varying by less than 1 % over the full AOI range. In contrast, the LWIR RVS changes by up to 10 % for M14 over the range of AOI. The TEB RVS uncertainty target is 0.2%, which was determined here as the average fitting residuals; all TEB RVS uncertainties are lower than 0.15 %, meeting the RVS characterization uncertainty requirement with good margin. Overall, J1 RVS performance is comparable to SNPP performance.
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